Introduction
Many patients with transposition of the great arteries (TGA) repaired by atrial switch (either Mustard or Senning procedures) and patients with congenitally corrected transposition of the great arteries (ccTGA) without surgical intervention develop RV dysfunction and symptomatic heart failure [1] [2] [3] . As a result, surgical techniques have changed and patients with TGA are primarily undergoing arterial switch procedures, while many patients with ccTGA are undergoing double switch procedures (repairing both atrioventricular and ventriculoarterial discordance) in order to avoid the stress of systemic pressures on the RV [4] . Nonetheless, there still exist many adult TGA and ccTGA patients with a systemic RV who are at significant risk for developing heart failure [4] [5] [6] [7] .
Previous comparisons between these groups have demonstrated a variety of differences suggestive of further RV dysfunction in TGA compared to ccTGA, but few studies have directly compared functional and geometric features of these groups using magnetic resonance imaging (MRI). The present study sought to compare patients with TGA and ccTGA using three-dimensional (3D) techniques to comprehensively analyze the shape, volume, global and regional function in the systemic RV.
Abstract In patients with transposition of the great arteries corrected by interatrial baffle (TGA) and those with congenitally corrected transposition of the great arteries (ccTGA) the right ventricle (RV) is subjected to systemic pressure and fails prematurely. Previous studies have demonstrated RV dysfunction may be more pronounced in patients with TGA. The present study sought to compare patients with TGA and ccTGA using three-dimensional (3D) techniques to comprehensively analyze the shape, volume, global and regional function in the systemic RV. We compared RV size, shape, and regional and global function in 25 patients with TGA, 17 patients with ccTGA, and 9 normal subjects. The RVs were reconstructed from cardiac Magnetic Resonance Images for 3D analyses. Compared to normal, the RV in TGA and ccTGA was dilated, rounded, and reduced in function. Compared to each other, TGA and ccTGA patients had similar RV size and shape. Global RV function was lower in TGA than ccTGA when assessed from ejection fraction (EF) (30 ± 7 vs. 35 ± 7, p = 0.02) and from normalized tricuspid annular systolic plane excursion (TAPSE) (0.10 ± 0.04 vs. 0.18 ± 0.04, p < 0.01). Basilar RV function was poorer in the TGA patients when compared to ccTGA. The systemic RVs in both TGA and ccTGA are dilated, spherical, and poorly functioning. Compared to
Methods

Patient population
The study comprised 25 patients with TGA corrected with interatrial baffle, 17 patients with ccTGA, and 9 normal subjects recruited at our institutions as part of a study of the RV in congenital heart disease [8, 9] . The Human Subjects committee at each institution approved this study; all subjects gave informed consent.
Magnetic resonance imaging (MRI)
All data were de-identified in accordance with institutional review board regulations before submission to the Core Laboratory at University of Washington (Seattle, Washington). MRI was performed using steady-state, free procession, and cine gradient echo sequences, appropriate for the hardware available at each institution. A total of 8-12 consecutive, short-axis slices covering both the left and right ventricles were acquired, with a 6-to 10-mm slice thickness, depending on patient size. In addition, long-axis slices were obtained in 4-chamber orientation, in radial long-axis views rotating around the left ventricular long axis, and/or in RV long-axis view to aid in delineating the valves and apex.
Image analysis and 3-D reconstruction
The MRI data were analyzed as previously described [9] . Briefly, the RV was reconstructed using the piecewise smooth subdivision surface (PSSS) method, which fits a surface to manually traced borders of the ventricles, valve orifices, and other anatomic landmarks by minimizing a penalized least-squares criterion that trades off fidelity to the data against surface smoothness [10, 11] . Ventricular volume was computed as the sum of signed volumes of tetrahedra formed by connecting a point in space with each face and used to compute the ejection fraction (EF). The magnitude of intra-and inter-observer variability of the PSSS method has been previously reported [12, 13] .
Analysis of regional RV shape
Twenty evenly spaced cross-sectional planes were constructed perpendicular to the LV long axis between the centroid of the reconstructed mitral annulus and the most distant point on the LV endocardial surface. The intersection of the RV surface with these planes produced 20 cross sections whose areas and perimeters were measured. Cross sectional area was normalized by RV long axis length. Eccentricity was computed as 4π(Area)/ (Perimeter) 2 , with values ranging from 0, indicating the shape of a line, to 1, a circle.
Analysis of RV function
Global function was assessed from the EF. Tricuspid annular plane systolic excursion (TAPSE) was measured in 3D from the four-chamber view as the displacement of the tricuspid annulus-free wall junction and normalized by RV long axis length. To compare whether longitudinal or short axis wall motion better predicts global RV function, short axis fractional shortening was measured at one-third and two-thirds of the distance from the tricuspid annulus to the apex, computed as the systolic change normalized by the end diastolic dimension, and expressed as a percent.
Regional RV function was assessed using the centersurface method ( Fig. 5a , b) to measure wall motion [14] . Motion was measured as distance along chords drawn orthogonal to a medial surface (the centersurface) constructed midway between the RV reconstructions at ED and ES and normalized by the square root of body surface area [15] . Using anatomical features identified in tracing, the RV divided by planes into three larger regions that were then divided into a total of ten subdivisions. The outflow tract was defined by a plane fit to points on the septal, parietal, and moderator bands [8, 16] . The apical trabecular region was defined by a plane orthogonal to the LV long axis at the level of the moderator band [15, 17] . The inlet, outflow, and trabecular regions were subdivided into freewall and septal portions. Four subdivisions were made of the freewall surface of the inlet. First, inferior and superior portions were demarcated by the angle of the RV. These were then divided into basal and mid portions using a plane orthogonal to the LV long axis and positioned 60% of the distance from the RV apex to the centroid of the reconstructed tricuspid annulus. The same plane was used to subdivide the septal surface of the inlet into basal and mid portions.
Statistical analysis
Student's t test was used for comparisons between groups. Comparisons between three populations were assessed using analysis of variance (ANOVA). The relationship between RVEF and parameters of transverse and longitudinal function was evaluated using linear regression. Measurements are presented as the mean ± 1 standard deviation.
Results
Study population
Patients with TGA tended to be younger (29 ± 8 vs. 43 ± 15), more likely to be male (84.7 vs. 64.7%), and were less likely to have concomitant cardiac abnormalities (32 vs. 53%) than ccTGA patients. Of note, age was unknown for two patients with ccTGA. Only 3 (18%) of studied patients with ccTGA underwent any cardiac surgery. Patient's surgical interventions and concomitant diagnoses are listed in Table 1 .
Comparison of systemic RV versus normal
The TGA and ccTGA patients were combined for comparison to normal subjects.
Volume and shape
Globally RV end diastolic (RVED) and end systolic (RVES) volumes were dilated in the systemic RV group when compared to normal subjects ( Table 2 ). However stroke volume was similar in TGA and ccTGA. The RV dilation in systemic RV was expressed as increased normalized crosssectional area in apical and mid-ventricular slices (Fig. 1a ). In addition eccentricity was higher (RV was more rounded) throughout the RV in the systemic RV patients compared to normal subjects ( Fig. 1b ).
RV function
The mean RVEF in the systemic RV group was significantly lower than those in normal subjects (32 ± 7 vs. 55 ± 5%, p < 0.01, Fig. 2a ). There was a significant but weak correlation between RVEF and left ventricular EF (LVEF) in the systemic RV patients (r = 0.51, p < 0.001) but not in normal subjects (r = 0.22, p = NS) ( Fig. 2b) .
Normalized TAPSE was significantly lower in the systemic RV groups when compared to normal subjects (0.13 ± 0.06 vs. 0.37 ± 0.04, p < 0.01, Fig. 3a ). Normalized TAPSE correlated well with RVEF across all study populations (r = 0.79), but only weakly in systemic RV patients (r = 0.38, p < 0.05) and in normal subjects (r = 0.32, p = NS) ( Fig. 3b ).
Transverse shortening was significantly lower in the systemic RV when compared to normal subjects at both one-third the distance from the tricuspid annulus to apex (10 ± 7 in systemic RV vs. 29 ± 7 in normal, p < 0.01) and two-thirds the distance from the tricuspid annulus to apex (11 ± 12 in systemic RV vs. 37 ± 9 in normal, p < 0.01). RVEF was better predicted by transverse shortening than by longitudinal motion, but correlations for both were weak (r = 0.15, p = 0.012 at one-third the distance from base to apex and r = 0.005, p = 0.661 at two-thirds the distance from base to apex).
The percent stroke volume contribution in systemic RV was significantly higher near the apex and significantly lower near the base compared to normal subjects ( Fig. 4) . Analysis by the centersurface method confirmed the pattern of reduced wall motion at the base in systemic RV when compared to normal subjects (Fig. 5a, b ). The negative motion on the septal side of the apical region seen in the normal group may reflect translation toward the LV.
Comparison of TGA versus ccTGA
Volumetric analysis (Table 2) The RVED and RVES when normalized by body surface area (BSA) was not significantly different between the two groups. There was a trend towards a more dilated TGA RV when compared to the ccTGA RV.
RV function
The mean RVEF in patients with TGA was significantly lower than in ccTGA (30 ± 7 vs. 35 ± 7%, p = 0.02, Fig. 2a ). TGA patients also had a modest, but significantly lower normalized TAPSE (0.10 ± 0.04 vs. 0.18 ± 0.04 in ccTGA, p < 0.01, Fig. 3a ).
Transverse shortening tended to be lower in TGA than ccTGA at one-third of the distance from tricuspid annulus to apex (8 ± 8 in TGA vs. 12 ± 5 in ccTGA, p = 0.06) but similar at two-thirds of the distance from the tricuspid annulus to the apex (11 ± 13 in TGA vs. 12 ± 10 in ccTGA, p = 0.80).
Consistent with the transverse shortening data, the percent of stroke volume contributed by basal short axis slices was fairly similar in the two patient groups. Analysis by the centersurface method also demonstrated more depressed basal wall motion in the TGA RV when compared to ccTGA. In addition there was stronger apical contraction in the TGA group when compared to ccTGA (Fig. 5a, b ).
Discussion
The systemic RV in patients with surgically corrected TGA and in ccTGA is subject to abnormally elevated pressures and the development of RV dysfunction is common [5] [6] [7] . There is evidence to suggest that despite shared systemic pressure, the RV in patients with TGA after atrial switch has reduced diastolic filling parameters, increased RV wall thickness and wall motion abnormalities, as well as decreased global longitudinal strain when compared to the ccTGA RV [18] [19] [20] suggesting a difference in these two groups in response to hemodynamic overload. The present study confirms that patients with TGA after atrial switch have RVs that are less compensated to the systemic pressures than ccTGA, and identifies differences in regional function, but not in shape, that may contribute to the poorer function in TGA.
RV dilation has been well described in conditions in which the RV is subjected to elevated pressure such as idiopathic pulmonary arterial hypertension [21] . Despite the well characterized changes to the RV volume and shape when it is subjected to systemic pressures, there have ccTGA congenitally corrected TGA, MV mitral valve, PDA patent ductus arteriosus, TR tricuspid regurgitation, TGA transposition of great arteries, VSD ventricular septal defect been few studies to date, however, directly comparing the extent of RV dilation or shape in patients with TGA and ccTGA. Peterson et al. found RV dilation in patients with both TGA and ccTGA compared to normal subjects using radionuclide ventriculography. They noted that the extent of the dilation was more pronounced in TGA although no direct comparison was made between the two systemic RV groups [22] . Van der Bom et al. found no significant difference between TGA and ccTGA with respect to RVEDVI [23] . The present study observed no significant difference, but noted a statistical trend toward greater RV systolic and diastolic dilation in TGA than ccTGA (p = 0.09 and 0.09 respectively) so it remains uncertain to what degree RV dilation differs between these groups. There is considerable reduction in global function in the systemic RV when compared to normal subjects. Patients with TGA on average had worse overall global RVEF than patients with ccTGA. Overall, there was a weak, but significant, correlation between RVEF and LVEF within the systemic RV groups supporting previous studies of ventricular interdependence in this patient population [24] as well as in patients with pulmonary hypertension, in which the RV is subjected to systemic pressures, changing the morphology of the RV and the dynamics of the septal wall [25, 26] .
Using TAPSE, the presented study demonstrates only modestly reduced function in the TGA RV when compared to the ccTGA. TAPSE has been a controversial measure of global systolic function in the systemic RV in the past, as some studies have suggested only a minimal, if any, agreement between TAPSE and RVEF [27] while others have shown a significant difference in these two groups [24] . Overall, TAPSE may be a weak surrogate for RVEF in congenital heart disease and pulmonary hypertension [28, 29] , but it appears to have utility in distinguishing patient populations [30] . In the present study the weak relationship between RVEF and TAPSE may relate to the RV's reduced reliance on longitudinal contraction.
The relative depression in regional function in the basal half of the RV in TGA compared with ccTGA patients was shown consistently by all methods. The lack of significance for transverse shortening and stroke volume contribution is probably because the former reflects contraction at just one point and the latter integrates function over septal and free walls of the RV. In contrast the centersurface method enables separate analysis of septal from free wall regions. The etiology of the functional and morphologic differences between these two groups with systemic RV pressures is unknown and may be multifactorial in nature. The TGA and ccTGA RV have several embryological (including coronary anatomy), structural, and epidemiological differences; however, they share the hemodynamic burden of a systemic pressure [1] [2] [3] 31] . Prior studies have hypothesized that patient comorbidities may contribute to progressive RV dysfunction, however in the present study, concomitant anomalies were more prevalent in the ccTGA group. Additionally, patients with TGA often have cyanotic periods early on in their childhood, which may also contribute to the progressive dysfunction.
There are other possible explanations for the observed differences between TGA and ccTGA. For example, the interatrial baffle itself is at risk for complications such as baffle leaks or baffles limb obstruction and may predispose to additional complications such as pulmonary venous obstruction which may lead to RV dysfunction [32] [33] [34] . While the baffle does provide a conduit for deoxygenated blood into the pulmonary circulation, it likely comes with the disadvantage of the decreased ability of native augmentation to RV preload. Fratz et al. demonstrated decreased atrial filling and emptying in TGA patients who have undergone arterial switch [35] and the relatively rigid conduit of the baffle limits the ability of the RV to increase stroke volume during dobutamine stress as shown by Franzoso et al. [36] . Another mechanism for the relative dysfunction in TGA is fibrosis attributable to the aftermath of surgery because the pattern of hypokinesis observed in our TGA patients agrees with the location of fibrosis reported by Babu-Narayan et al. [37] . There is also evidence to suggest that there is a significant component of septal fibrosis as well that occurs in patients after Mustard or Senning operations as shown by extracellular volume measured by t1 mapping, however no such pattern was seen along the freewall [38] . Furthermore, RV hypertrophy and increased wall mass has been demonstrated in patients who have undergone Mustard or Senning procedures which has been implicated in increased myocardial demand mismatch and subsequent ischemia [21, 39] .
In summary, the systemic RV in patients with TGA after switch repair and in ccTGA are dilated, spherical, and poorly functioning when compared to normal subjects. More specifically, the TGA RV has decreased global and regional function, particular near the base, when compared to the ccTGA RV, but may overall have similar dilation and overall shape. These findings cannot be fully explained by the shared presence of the systemic RV and it remains controversial to this point what are exactly the contributing factors to these findings. 
Limitations
While the total number of patients in the present study is relatively low, it is consistent with prior studies analyzing these groups [18, 19] and still was powered well enough to draw statistically significant results. Ideally, all patients and normal subjects in this study would have also undergone echocardiography and tricuspid regurgitation (TR) would have been quantified and while this has been commonly implicated in TGA and ccTGA, as a possible contributor to dysfunction [1, 2, 40] . Lewis et al., however, found no relationship between RV function and severity of TR in ccTGA [41] . Thus, while severity of tricuspid regurgitation was not assessed in the present study, it is unlikely to fully explain the differences seen between these groups.
